A B S T R A C T The effect of penicillin treatment of Streptococcus sanguis in vitro, on subsequent bacterial density in the bloodstream and on cardiac valves in the rabbit model of endocarditis was studied. As experimental tools for this study, isogenic pairs of S. sanguis differing in resistance to streptomycin or rifampin were prepared by genetic transformation. Rabbits with traumatized heart valves received an intravenous inoculation of penicillin treated (1 ,g/ml) and untreated S. sanguis, each marked by resistance to either streptomycin or rifampin. The number of penicillin-treated and untreated bacteria attached to the valvular surfaces was determined by differential counting on streptomycin or rifampin containing media. Penicillin pretreatment reduced cardiac valve colonization 5 min after inoculation ("adherence ratio" X 108 was 4.11 for the control and 3.66 for the penicillin-treated bacteria, P < 0.001). The results were not due to differences in serum killing or bacterial densities in the bloodstream. There was no difference in valvular bacterial densities 24 h after bacterial inoculation (adherence ratio X 108, 7.26 untreated vs. 6.34 penicillin-pretreated, P > 0.10).
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In vitro experiments were performed using plateletfibrin surfaces to test the possibility that penicillininduced loss of lipoteichoic acid was responsible for decreased streptococcal adherence. Pretreatment of S. sanguis cultures with inhibitory concentrations of penicillin or with antiserum against lipoteichoic acid and precoating of the platelet-fibrin surfaces with lipoteichoic acid, all caused reduction in bacterial adherence.
The findings are interpreted as support for the role of lipoteichoic acid as an adhesin in S. sanguis interactions with particular host tissue surfaces. INTRODUCTION Adherence of bacteria to a cardiac valvular surface is the initial event in the development of infective endocarditis. In experimental models of endocarditis bacteria selectively adhere to traumatized valvular surfaces covered with a platelet-fibrin matrix (1, 2) . Gram positive bacteria adhere more readily to these surfaces than gram negative bacteria and, perhaps as a consequence, are more frequent pathogens in cases of endocarditis (3, 4) .
This study is an investigation of the effect that inhibitory concentrations of penicillin have on bacterial adherence. Inhibitory or subinhibitory antibiotic concentrations have been shown to reduce bacterial adherence to host cell surfaces in vitro (5, 6) . Clinically, a penicillin-mediated effect on bacterial adherence to cardiac valvular surfaces, independent of bacterial killing, could play an important role in the prevention of endocarditis.
Among the in vitro effects caused by penicillin, the loss of lipoteichoic acid (LTA)' into the medium may be an important factor in decreasing gram positive bacterial adherence (5) . Beachey has demonstrated that LTA acts as a specific adhesin for group A streptococci, facilitating bacterial binding to a number of surfaces including epithelial cells, platelets, and erythrocytes (RBC) (7) (8) (9) . Antibiotic-induced decrease in the adherence of Streptococcus sanguis and some other gram positive bacteria have already been observed (6) and therefore raise the possibility that LTA may also play an important role in mediating streptococcal attachment to valvular surfaces.
The bacterial species investigated in this study, S. sanguis, is one of the most common isolates in patients with streptococcal endocarditis (10) . The strain is a naturally occurring "tolerant" bacterium, resistant to killing by penicillin in vitro even when exposed to high concentrations (11) (12) (13) . While resistant to penicillin induced lysis, other effects of penicillin are still demonstrable: morphologic changes in cell structure, reduction in the rate of cell wall synthesis and most notably increased release of LTA into the medium (11) (12) (13) . The tolerant strain was selected in order to study the effects of inhibitory concentrations of penicillin, independent of bacterial killing. The purpose of this study was to investigate the effects that inhibitory concentrations of penicillin have on streptococcal adherence and the extent to which loss of LTA from the cell accounts for these effects.
METHODS
Bacterial strain and growth. The (14, 15) . DNA isolated from spontaneous antibiotic-resistant mutants was isolated (14, 15) and used to transform the competent bacteria. The resistant transformants were selected on Todd Hewitt agar plates containing either streptomycin sulphate (100 jg/ml) or rifampin (2 sg/ml). The minimal inhibitory concentration/minimal bactericidal concentration (MIC/MBC) results to penicillin G for the antibiotic-resistant strains were comparable to the original Wicky strain.
Antibiotic susceptibility testing. Broth dilution susceptibility tests were performed in duplicate using THB or pooled rabbit serum (16 (20) . The preparation was fractionated on a Bio-gel A-Sm column (Bio-Rad Laboratories, Richmond, CA; 1.5 X 50 cm). Aliquots were assayed by the phosphate determination technique of Ames and Dubin (21) .
The RBC sensitizing activity and the antigenic activity of the LTA were assayed using the method of Ofek et al. (7) .
Preparation of LTA antisera used for adherence studies. LTA used for the production of antisera was prepared using the chloroform-methanol extraction method of Wicken et al. (20) . Rabbits were immunized using a modification of the method of Burger (20, 22) . Effect of penicillin treatment on viability and LTA release in vitro. Fig. 1 shows the effect of penicillin treatment on the viable titer of the cultures that were subsequently used for the in vivo studies. The results with the transformant cells were similar to those of the parent cells (Wicky strain); there was minimal bacterial killing over the first 4 h of exposure to the antibiotic. Even after 24 h of penicillin treatment there was less than 1 log killing at the l-,gg/ml concentration.
Addition of fresh or heated rabbit serum at 48% or exposure of the cells to penicillin in 95% serum did not alter these results.
Effect of in vitro penicillin pretreatment on the adherence of S. sanguis to rabbit heart valves. Blood samples taken at frequent intervals after bacterial inoculation demonstrated no significant difference in the concentration of the penicillin-treated and untreated cells (Fig. 2) .
Rabbits were killed 5 min, 3 and 24 h after the inoculation. Heart valves were removed and the titer of the penicillin-treated and control streptococci were determined by plating on selective agar. Table I summarizes data from a number of experiments. Although there was a substantial variation from experiment to experiment, the antibiotic pretreatment caused a de- crease in the number of adherent bacteria in the earliest (5 min) samples (P < 0.001) and in the 3-h samples (P < 0.001). There was no significant difference in the 24-h samples (P > 0.10).
During the in vivo experiments the strain exposed to penicillin was reversed for each experiment. The results were similar, regardless of which strain was pretreated with penicillin. (Table III) .
Elution of bacteria from PFS. In these studies the ability of penicillin containing medium to elute attached S. sanguis from the surface was determined (Table IV) . The results (Table IV) show that (a) there were significantly larger numbers of adherent colonies in the plates incubated with penicillin-free THB (P < 0.01) than in those that were incubated with penicillin containing THB. The wash ratios (see Methods) were 1.2 vs. 1.06 (P < 0.01) for the penicillin-free and penicillin-containing groups, respectively. Furthermore, (b), the number of colonies in the plates incubated with THB containing penicillin were the same as in the control plates that were not postincubated at all. There were about the same number of colonies on the control plate and on the plates postincubated with Tris Mean bacterial inoculum and the concentration of adherent bacteria were expressed in log1o CFU/ml±SE. The adherence ratio represents the number of bacteria adherent to the valvular tissue expressed in loglo CFU/ ml±SE divided by the original inoculum (loge, CFU/ml) multiplied by logl,,8. § The time after the bacterial injection when the rabbits were killed.
Number of rabbits.
duced bacterial adherence (P < 0.01). An LTA concentration of 1,000 ,ug/ml did not significantly change the results. When the time interval of bacterial exposure to the PFS was reduced from 15 to 3 min the effect of LTA was still demonstrable (Table V) . Exposure of the PFS to buffer containing LTA (100 Ag/ ml) resulted in a decrease in RBC sensitizing activity in the buffer from 1,024 to 2. Effect of anti-LTA on adherence. Preincubation of S. sanguis with a 1/10 dilution of anti-LTA prior to exposure to the PFS significantly reduced adherence when compared with pooled rabbit serum (P < 0.02) (Table VI) . Bacterial adherence was not reduced when the PFS was exposed to a 1/10 dilution of anti-LTA prior to the addition of bacteria. No differences in adherence were demonstrable when a 1/100 dilution of antisera was used.
When supernatant THB obtained from a culture of penicillin-treated S. sanguis was exposed to the PFS for 0.5 h before the addition of bacteria for 15 min the adherence ratio was reduced from 30.6±2.7 with control THB to 26.4±2.2 with the penicillin-treated THB (15 pairs, 0.10 > P > 0.05). The RBC sensitizing titer in the treated supernatant was 64-128 prior to expo- sure to the PFS and 1 after. The control THB titer was 0.
Since penicillin treatment causes loss of cellular LTA (11, 13) attempts were made to "coat" bacteria with isolated LTA after the antibiotic treatment. The adherence ratios of penicillin pretreated LTA coated S. sanguis returned to the level of the controls (Table  VII) . The adherence ratio for the penicillin pretreated bacteria remained significantly lower than either the control or the LTA treated group (P < 0.05). DISCUSSION Angrist and Oka (26) proposed that the initial lesion in bacterial endocarditis is a sterile vegetation or nonbacterial thrombus consisting of platelets and fibrin, which forms on damaged heart valves. Bacterial attachment to these surfaces is the first step in the pathogenesis of endocarditis. The present study investigates (2, 19) .
Several factors that influence bacterial adherence to valvular vegetations have been studied. Gould et al. (3) found that gram positive cocci adhere more readily to heart valve surfaces than other bacteria. Both Scheld et al. (19) and Ramirez-Ronda (27) found that dextranproducing strains of streptococci adhere better than nonproducers. In this communication we present evidence suggesting that penicillin can interfere with bacterial adherence to valvular surfaces independent of bacterial killing.
Our in vivo studies demonstrated that pretreatment with penicillin decreased colonization of rabbit valvular vegetations after 5 min and 3 h but not after 24 h. The data was not explained by increased serum killing (Fig. 1) or by a lower bacterial density in the bloodstream (Fig. 2) in bacterial adherence in vivo. The largest difference between the adherence ratios of control and penicillinpretreated cells was found in the 3-h samples (Table  I) in which there was an actual decline in the number of adhering penicillin-pretreated cells from the 5-min time point. This suggests that the antibiotic-treated cells may only establish a "weak" attachment and subsequently detach from the valvular surface. The absence of a significant difference in valvular bacterial densities after 24 h is presumably due to the recovery and growth of the penicillin-treated bacteria once established on the surface.
Our in vitro studies also support the notion that penicillin interferes with the adherence of S. sanguis. Preincubation of S. sanguis with inhibitory but not bactericidal concentrations of penicillin (1 yg/ml, corresponding to -30 X the MIC value) reduced adherence to the PFS while sub-MIC concentrations, 0.025 jug/ml, did not. This dependence on antibiotic dosage closely resembles the concentration dependence of penicillin-stimulated LTA release in S. sanguis (13) .
The data shown in Table IV suggest that elution of Table IV ). This increase is probably due to continued replication, release and subsequent reattachment of cell progeny to the PFS. This is supported by the increase in the adherence ratio and by the wash ratios exceeding 1 (see Table IV and text).
The adherence ratios for the adherent S. sanguis exposed to penicillin were the same as the controls. This may be due to penicillin-induced inhibition of growth or suppression of adherence. The lack of a penicillin effect in the PFS incubated with Tris-buffer instead of growth medium (Table IV) (13) .
Beachey and others demonstrated that when S. pyogenes was exposed to subinhibitory concentrations of penicillin, LTA was secreted from the cells into the medium and this was paralleled by a marked decrease in adherence to epithelial cells (5) . Ramirez-Ronda and Gutierrez also reported recently that both ribitol teichoic acid and lipoteichoic acid blocked the adherence of S. sanguis to damaged heart valves in vitro (28) .
Our in vivo and in vitro adherence data described here are consistent with the proposition that LTA may be an adhesin. Preexposure of the PFS to LTA extracted from the S. sanguis decreased adherence. Antisera directed against LTA was also able to reduce adherence when compared with pooled rabbit serum. Preincubation of the bacteria with antisera (1/10 dilution) significantly reduced adherence and incubation of penicillin-treated bacteria in LTA (1 mg/ml) restored the adherence to control levels. However, we did not observe decreased adherence by exposure of S. sanguis to sub-MIC concentrations of penicillin. The percent reduction in adherence caused by LTA in the present studies, 30% at 15 min, is < the 70% reported by Beachey (8) . However, the assay used in the study reported here is different from that of Beachey, and consists of a matrix of varying constituents.
The S. sanguis strain used in this study is typical of the viridans streptococcal strains and has been well characterized in earlier in vitro studies as "tolerant" to the killing action of penicillin (11) (12) (13) . Although not lysed by exposure to extremely high concentrations of penicillin, the strain does secrete LTA into the medium after exposure to penicillin at concentratiions above the MIC value (11) (12) (13) .
This study demonstrates that inhibitory concentrations of penicillin reduce streptococcal adherence to surfaces resembling the nonbacterial thrombus first 674
Lowy, Chang, Neuhaus, Horne, Tomasz, and Steigbigel described by Angrist The demonstration that tolerant bacteria exposed to penicillin are still capable of adhering to a valvular surface, and replicating after removal of penicillin, may be relevant for the potential failure of low concentrations of penicillin achieved after oral penicillin to prevent bacterial endocarditis.
